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ORGANIC SUBLIMABLE
MATERIAL-ASSISTED ELECTRODES

RELATED APPLICATION

[0001] This application claims the benefit under 35 U.S.C.
§ 119(e) of U.S. provisional application No. 63/311,689,
filed Feb. 18, 2022, which i1s incorporated by reference
herein 1n 1ts entirety.

STATEMENT OF GOVERNMENT SUPPORT

[0002] This invention was made with government support
under 11P1940986 awarded by the National Science Foun-
dation. The government has certain rights 1n the invention.

TECHNICAL FIELD

[0003] This invention relates to electrodes for electro-
chemical devices and fabrication thereof.

BACKGROUND

[0004] Flectrochemical devices are ubiquitous. Recharge-
able batteries, such as lithium 1on batteries (LLIBs), are used
as a source of portable energy storage in consumer products
such as laptops and cellphones. Present generation LIBs
utilize copper or aluminum foil substrates for the anode and
cathode current collector (CC), respectively, which act as
conductive and mechanical supports for the LIB films. The
metal foils used in LIBs comprise approximately 20 wt %
and 15 wt % of the anode and cathode, respectively, but do
not play a role 1n the electrochemical activity of the device.

SUMMARY

[0005] This disclosure describes organic sublimable mate-
rial-assisted electrodes and methods of fabricating elec-
trodes. For example, free-standing electrodes (FSEs) and a
fabrication system that eliminates the need for metal-foil
current collectors (CCs) in electrochemical systems. This
clectrode production platform can be implemented both into
industrially-established electrode processing lines and with
newer forms of additive manufacturing such as 3D printing.
This scalable fabrication process allows for simultaneous
control of electrode thickness, porosity, and conductivity by
manipulating slurry composition and casting protocol.

[0006] FSEs provide increases in the gravimetric and
volumetric energy densities of electrochemical devices by
climinating both dead weight and underutilized space from
traditional CCs without detrimentally compromising cost,
conductivity, or rate capability.

[0007] Provided herein 1s a method of making a porous
film. The method includes disposing a slurry on a substrate,
wherein the slurry includes an electrochemically active
matenal, an electrically conductive material, and a binder
dispersed 1n an organic sublimable material, wherein the
clectrochemically active material and the electrically con-
ductive material are different; solidifying the slurry to yield
a 11lm on the substrate; and subliming the organic sublimable
material to yield the porous film on the substrate.

[0008] In some embodiments, the method further includes
reducing a thickness of the porous film.

[0009] In some embodiments, during disposing, a tem-
perature of the slurry exceeds a melting point of the organic
sublimable material.
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[0010] In some embodiments, solidifying the slurry
includes cooling the slurry to a temperature below a melting
point of the organic sublimable matenal.

[0011] In some embodiments, the method further includes
separating the porous film and the substrate.

[0012] In some embodiments, disposing comprises slurry
casting, mold casting, or additive manufacturing.

[0013] Also provided herein 1s a slurry including a solid
component mncluding an electrochemically active matenal,
an electrically conductive material, and a binder; and a
liquid component including an organic sublimable material;
wherein the electrochemically active material and the elec-
trically conductive material are different, and the solid
component 1s dispersed in the liquid component.

[0014] Insome embodiments, the electrochemically active
material includes one or more of a lithtum 1ron phosphate,
a lithrum titanium oxide, a nickel cobalt manganese oxide,
a lithrum cobalt oxide, and a sodium manganese oxide.
[0015] Insome embodiments, the electrochemically active
material includes one or more of a metal alloy, a metal oxide,
a chalcogenide, silicon, tin, and an electron-conducting
carbon based material; wherein the electron-conducting car-
bon based material includes one or more of graphene,
graphite, carbon nanotubes, and porous carbons.

[0016] In some embodiments, the electrically conductive
material includes one or more of carbon black, carbon
nanotubes, graphene oxide, graphene, reduced graphene
oxide, and metal nanostructures.

[0017] In some embodiments, the binder includes a ther-
moplastic polymer; wherein the thermoplastic polymer
includes one or more of a styrene-ethylene-butylene-styrene
copolymer, a sodium carboxy methyl cellulose, a styrene
butyl rubber, a polyvinylidene fluoride, and a polyolefin.
[0018] In some embodiments, the orgamic sublimable
material comprises one or more of a terpene, naphthalene,
anthracene, salicylic acid, benzophenone, pyrene, 1,6-di-
aminohexane, hexamethylenetetramine; adamantane, 2,4,6-
triamino-1,3,5-triazine, and phthalic anhydride. In some
embodiments, the terpene includes one or more of cam-
phene, menthol, borneol, camphor, and pinene.

[0019] In some embodiments, a weight ratio of the liquid
component to the solid component 1s in a range of about 2:1
to about 4:1.

[0020] In some embodiments, the solid component
includes about 70 wt % to about 90 wt % of the electro-
chemically active material, about 5 wt % to about 20 wt %
of the electrically conductive material, and about 1 wt % to
about 10 wt % of the binder.

[0021] In some embodiments, a temperature of the slurry
exceeds a melting point of the organic sublimable matenal.
[0022] In some embodiments, the slurry i1s free of
N-methyl-2-pyrrolidone.

[0023] Also provided herein 1s an electrode including the
porous film disclosed herein.

[0024] In some embodiments, the porous film 1s separated
from the substrate; or the electrode includes a metal current
collector 1n contact with a surface of the electrode.

[0025] Also provided heremn 1s a lithium-ion battery
including the electrode disclosed herein.

[0026] The details of one or more embodiments of the
subject matter of this disclosure are set forth 1n the accom-
panying drawing and the description. Other {features,
aspects, and advantages of the subject matter will become
apparent from the description, the drawing, and the claims.
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BRIEF DESCRIPTION OF DRAWINGS

[0027] FIG. 1 i1llustrates an example synthetic process of
organic sublimable material-assisted fabrication of {free-
standing electrodes.

DETAILED DESCRIPTION

[0028] This disclosure describes an organic sublimable
material-based system, for example a camphene-based sys-
tem, for fabricating electrodes. In some embodiments, the
clectrodes are free-standing electrodes (FSEs).

[0029] FIG. 1 depicts an example method 100 of making
a porous film. The method 1includes disposing a slurry 102 on
a substrate 104. The slurry 102 includes an electrochemi-
cally active material 106, an electrically conductive material
108, and a binder 110 dispersed in an organic sublimable
material 112, wherein the electrochemically active matenal
106 and the electrically conductive material 108 are differ-
ent. In some embodiments, the slurry 1s formed by mixing
the electrochemically active material 106, electrically con-
ductive material 108, binder 110, and organic sublimable
material 112 at an elevated temperature, for example, 60° C.

[0030] In some embodiments, disposing comprises slurry
casting, mold casting, or additive manufacturing. In some
embodiments, the slurry 102 1s disposed on the substrate 104
by slurry casting with a doctor blade 114 at an elevated
temperature, for example, 70° C.

[0031] In some embodiments, during the disposing, a
temperature of the slurry exceeds a melting point of the
organic sublimable material 112.

[0032] The method further includes soliditying the slurry
102 to yield a film on the substrate 104, and subliming the
organic sublimable material to yield the porous film 116 on
the substrate 104. In some embodiments, the solidifying the
slurry 102 comprises cooling the slurry to a temperature
below a melting point of the organic sublimable material.

[0033] In some embodiments, the method further com-
prises reducing a thickness of the porous film 114. For
example, the reducing the thickness of the porous film 116
comprises compressing the porous film. In some embodi-
ments, reducing a thickness of the porous film 114 alters the
porosity of the porous film 114.

[0034] In some embodiments, the method further com-
prises separating the porous film 116 and the substrate 104
to provide a free standing electrode 118. In some embodi-
ments, separating the porous film 116 and the substrate 104
comprises delaminating the porous film from the substrate.

[0035] In some embodiments, the porous film 116 1s not
removed from the substrate 104. For example, the substrate
104 comprises a conductive material, such as a metal foil,
that can be used as a current collector in a lithium-ion
battery.

[0036] In some embodiments, a thickness of the porous
film 116 1s 1n a range of 0.05 mm and 2 mm.

[0037] Insome embodiments, the electrochemically active
material 106 comprises one or more of a metal alloy, a metal
oxide, a chalcogenide, silicon, tin, and an electron-conduct-
ing carbon based material. In some embodiments, the elec-
tron-conducting carbon based material comprises one or
more ol graphene, graphite, carbon nanotubes, and porous
carbons.

[0038] Insome embodiments, the electrochemically active
material 106 comprises one or more of a lithum 1ron
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phosphate, a lithium titantum oxide, a nickel cobalt manga-
nese oxide, a lithtum cobalt oxide, and a sodium manganese
oxide.

[0039] In some embodiments, the electrically conductive
material 108 maternial comprises one or more of carbon
black, carbon nanotubes, graphene oxide, graphene, reduced
graphene oxide, and metal nanostructures. In some embodi-
ments, the conductive material 108 comprises carbon black,
for example, SuperP.

[0040] In some embodiments, the binder 110 comprises a
thermoplastic polymer. In some embodiments, the thermo-
plastic polymer comprises one or more of a styrene-ethyl-
ene-butylene-styrene copolymer, a sodium carboxy methyl
cellulose, a styrene butyl rubber, a polyvinylidene fluoride,
and a polyolefin. For example, the binder 110 comprises a
styrene-ethylene-butylene-styrene copolymer.

[0041] In some embodiments, the organmic sublimable
material 112 comprises one or more of a terpene, naphtha-
lene, anthracene, salicylic acid, benzophenone, pyrene, 1,6-
diaminohexane, hexamethylenetetramine; adamantane, 2.4,
6-triamino-1,3,5-triazine, and phthalic anhydride. In some
embodiments, the organic sublimable material 112 com-
prises a terpene. In some embodiments, the terpene com-
prises one or more ol camphene, menthol, borneol, camphor,
and pinene. For example, the organic sublimable material
112 comprises camphene.

[0042] In some embodiments, the substrate 104 comprises
fluoropolymer, metal foil, or silicone. In some embodiments,
the fluoropolymer comprises polytetratluoroethylene. In
some embodiments, the substrate 104 comprises a metal fo1l.
[0043] Also provided herein 1s a slurry 102 (FIG. 1)
comprising a solid component and a liquid component. The
solid component comprises an electrochemically active
material 106, an electrically conductive material 108, and a
binder 110. The liquid component comprises an organic
sublimable material 112. The electrochemically active mate-
rial 106 and the electrically conductive material 108 are
different. The solid component i1s dispersed in the liquid
component.

[0044] In some embodiments, a weight ratio of the liquid
component to the solid component 1s in a range of about 2:1
to about 4:1.

[0045] In some embodiments, the solid component com-
prises about 70 wt % to about 90 wt % of the electrochemi-
cally active material; about 5 wt % to about 20 wt % of the
clectrically conductive matenal; and about 1 wt % to about
10 wt % of the binder.

[0046] In some embodiments, a temperature of the slurry
102 exceeds a melting point of the organic sublimable
material 112.

[0047] In some embodiments, the slurry 102 if free of
N-methyl-2-pyrrolidone.

[0048] Also provided herein 1s an electrode including an
clectrochemically active material 106, an electrically con-
ductive material 108, and a binder 110, wherein the elec-
trochemically active material 106 and the electrically con-
ductive material 108 are different, and the electrode 1s
porous and flexible. For example, the electrode 1s the free
standing electrode 118 depicted 1n FIG. 1.

[0049] In some embodiments, the electrode 1s free of a
substrate. In some embodiments, the electrode 1s {ree of a
metal substrate.

[0050] In some embodiments, a thickness of the electrode
1s 1n a range of 0.05 mm and 2 mm.
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[0051] In some embodiments, the electrode comprises
about 70 wt % to about 90 wt % of the electrochemically
active material 106, about 5 wt % to about 20 wt % of the
clectrically conductive material 108, and about 1 wt % to
about 10 wt % of the binder.

[0052] In some embodiments, the electrode further com-
prises a metal current collector 1n contact with a surface of
the electrode.

[0053] In some embodiments, the electrode has a porosity
in the range of about 50% porosity to about 85% porosity,
or about 40% to about 73% porosity. The porosity can be
calculated by the mass and dimensional measurements of the
clectrode combined with the known composition and mass
density of materials used to make the electrode. The porosity
can also be measured with porosimetry methods, for
example, mercury intrusion porosimetry.

[0054] Also provided i1s an electrode comprising the
porous film described herein. In some embodiments, the
porous film 1s separated from the substrate, or the electrode
comprises a metal current collector in contact with a surface
of the electrode. In some embodiments, the porous film 1s
separated from the substrate such that the electrode 1s free of
a substrate. In some embodiments, the porous film 1s on a
metal foil substrate, wherein the metal foil substrate 1s a
metal current collector.

[0055] Also provided heremn 1s a lithium-ion battery
including the electrode described herein. For example,
lithium-1on battery coin cell 120 depicted in FIG. 1. For
demonstration as an eflective electrode architecture, these
FSEs are directly used in lithium-1on battery cells. In some
embodiments, the lithium-ion battery 1s a pouch cell or a
jelly roll cell.

[0056] Camphene, an mexpensive and readily available
terpene which has a modest melting poimnt (32° C.), ligh
vapor pressure (3.4 mmHg (@ 25° C.), and dendritic crys-
tallization morphology, can solubilize/disperse various poly-
mers and particles, as well as poly(styrene-block-ethylene/
butylene-block-styrene) (SEBS) block copolymers. Due at
least 1n part to these physical properties, when employed as
a solvent for slurry casting electrode materials i the liqud
state, camphene crystallites can act as a template to induce
a percolating conductive network of electrode components
upon 1ts solidification. Direct removal of the camphene by
sublimation via room temperature vacuum drying and sub-
sequent delamination from the casting substrate results 1n
the production of a porous, free-standing, and flexible com-
posite electrode.

[0057] As this FSE manufacturing method 1s compatible
with current industrial fabrication processes (1.e., roll-to-roll
processing), the camphene based solvent system offers mul-
tiple potential benefits for LIB manufacturing. First, cam-
phene acts as a less-toxic solvent alternative to N-methyl-
2-pyrrolidone (NMP) 1n traditional LIB production. NMP 1s
currently the preferred solvent for LIB electrode casting;
however, NMP 1s toxic to humans. Second, the crystallite-
templating nature of the camphene solvent allows for the
fabrication of porous FSEs and the elimination of metal
foil-based current collectors (CCs). Elimination of these
CCs reduces material cost and eliminates ‘inactive’ material
weight within electrochemical devices, thereby increasing
overall energy density. Third, camphene-based casting
allows for a material-agnostic platiorm for tailorable elec-
trode production that will likely be compatible with future
device chemistries.
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[0058] The described {fabrication platform generates
mechanically robust and flexible electrodes. For demonstra-
tion 1 LIBs as one potential application area, FSEs were
tabricated using a range of different active materials such as
lithium 1ron phosphate (LiFePO,, LFP), lithium titanium
oxide (L1,T1.0,,, LTO), nickel cobalt manganese oxide
(N1, :Cogy ;Mn, ;O,, NCMSI11), and lithium cobalt oxide
(L1Co0,, LCO). As used herein, “active material” generally
refers to an electrochemically active matenal (1.e., a material
that participates 1n an electrochemical redox reaction at an
clectrode enabling the interconversion of electrical and
chemical energy). Performance testing of these composites
for potential application 1n LIBs 1illustrates their properties
and energy storage capabilities; for example, LFP based
clectrodes demonstrated stable electrochemical (de-)lithia-
tion for over 1000 cycles with only small capacity losses (16
mAh/g). These camphene-assisted FSEs demonstrate com-
petitive to superior electrochemical capabilities when com-
pared to counterparts cast on metal foil, and the elimination
of CCs allows for significant improvements to the cell-level
energy densities of these devices. While achieving near-
equivalent volumetric capacity to foil cast counterparts, the
camphene-assisted fabrication route allowed the production
of thick electroactive films to enhance the areal capacity 2
times and the electrode gravimetric capacity by 50% as
compared to conventional slurry casting.

[0059] Removal of Current Collectors. Camphene-as-
sisted fabrication allows for the formation of FSEs, thus
climinating the need for a metal foi1l CC. These CCs are
inactive in the electrochemistry of the cell. Therefore, their
removal enhances the overall energy density of the electro-
chemical cells by reducing dead weight and volume.

[0060] Tunable Porosity. Camphene acts as a soft-templat-
ing agent by promoting the formation of void space upon
removal and, as such, allows manipulation of electrode
morphology by altering the ratio of active mass to camphene
mass (AM:CM). Mass transport limitations are one of the
major bottlenecks in many electrochemical devices, such as
the (dis)charging rate and power density of state-oi-the-art
LIBs. Due to rapid depletion of electroactive species 1n the
clectrolyte near the electrode surface, the maximum eflec-
tive thickness of an industrial LIB electrode 1s ~200 um.,
regardless of the intrinsic Kkinetics of an electrochemical
reaction. Tuning the porosity (and tortuosity) of the FSE
allows enhanced electrolyte penetration and lithiation site
accessibility, thus mitigating these diffusive limitations and
unlocking the utilization of thicker electrodes with signifi-
cantly increased active material mass loadings. Because of
this tunable porosity, energy densities in LIBs achieved with
this camphene-assisted FSE system exceed those attainable
with current electrode fabrication processes.

[0061] Tunable Thickness. In addition to tunable porosity,
this electrode manufacturing method allows for fabrication
of electrodes with varying thicknesses to enable enhanced
aerial capacities and energy densities. For example, elec-
trodes have been manufactured up to 2 mm in thickness with
an aerial mass loading of approximately 40 mg/cm” through
this method while maintaining effective performance. Tra-
ditional foil-cast electrodes are typically not able to be made
above 200 um 1n thickness, due to both mass transport
limitations and delamination 1ssues. This FSE system pro-
vides a pathway to make thick, high loading electrodes.
Thicker electrodes with similar or increased effective volu-
metric energy density (mAh/cm®) enable faster throughput
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in manufacturing of electrochemical devices; by decreasing
the number of electrode layers required, the time needed to
cast a given length of electrode 1n a roll-to-roll process for
a given energy density also decreases.

[0062] Thick Electrodes by Stacking. In addition to tun-
able thickness of individual films, this FSE system allows
tor thick electrodes to be made by stacking thinner electrode
films on top of one another. This alternative manufacturing
route can lower manufacturing costs by requiring a manu-
facturing line to only produce a single thickness electrode
film. These thin films can be used to fabricate electrodes of
different thicknesses and aerial mass loadings by stacking
and calendaring the thin electrode films together, allowing
multiple electrode thickness options from a single film
casting. This 1s not typically possible for foil-cast electrode
films, because direct stacking of these films would block
access to the active material.

[0063] Improvements to Energy Density. Fabrication of
thicker FSEs due to the benefits of tunable electrode porosi-
ties enables electrodes with higher gravimetric and areal
mass loadings. Thus, at a given cell capacity, FSEs fabri-
cated from a camphene manufacturing process can be as
much as 50% lighter and 10% thinner as compared to
state-oi-the-art LIB manufacturing processes via removal of
CCs. Lighter and/or thinner electrode assemblies allow for
cost reductions by packing more active material per unit
weight or volume. Alternatively, higher areal mass loading
(1.e., thicker) electrodes possess increased power density
(W/cm?) to unlock certain applications that traditional LIBs
faill to address (e.g., power tools, rail transport, freight
transport, and aerospace applications).

[0064] FElimination of NMP Solvent System. Current elec-
trode fabrication processes use NMP as a solvent. In 2020,
the EPA found the use of NMP as an unreasonable risk for
many industrial settings 1n the amended TSCA act (EPA-
HQ-OPPT-2019-0236). Current regulations require exten-
s1ve ventilation and energy-consuming cold trap reclamation
systems 1n order to employ NMP for battery fabrication. The
disclosed camphene-assisted method provides a cost-com-
petitive and less toxic alternative. Furthermore, the low
vapor pressure of camphene allows reclamation at room
temperature, reducing the energy cost of production. This
also enables sater working conditions for manufacturing line
workers.

[0065] Recyclability. Industrial recyclability includes at
least three steps: 1) pack/cell disassembly, 2) physical sepa-
ration, and 3) chemical separation. Implementation of this
FSE system eliminates the need to separate the electrode
materials from a substrate or metal fo1l CC, as electrodes can
be directly digested once removed from the cell, leading to
lower recycling costs.

[0066] Production Versatility. While the described system
demonstrates compatibility with current electrode manufac-
turing methods and cell chemuistries, this formulation 1s also
compatible with mold-casting, thermoforming, and additive
manufacturing (3-D printing) production methods. This
enables creation of custom shaped or free-form electrodes
for specialty applications which may require more control
over electrode design/shape than current conventional meth-
ods provide. Additive manufacturing i1s advantageous at
least 1n part because it eliminates waste of unused material
(e.g., costly electrochemically active material). Additive
manufacturing 1s the selective deposition of material, rather
than, for example, cutting out from full sheets of slurry cast
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material. The tunable processing of additive manufacturing
can allow for the purposeful design of the macrostructure of
the final electrodes, resulting in custom-shaped batteries
with enhanced performance and advantageous charge times
suitable for applications such as small wearable electronics,
aviation, or other systems with volume and shape con-
straints.

[0067] FElectrochemical Configuration Versatility. This
disclosure demonstrates capability with a wide variety of
commonly implemented LIB active maternials. The chemi-
cally bemgn nature of the synthesis suggests that its formu-
lation 1s suitable for use with a variety of different LIB
configurations such as with solid-state electrolytes and gel-
based electrolyte systems. This method can also be used to
tabricate electrodes for other electrochemical systems such
as supercapacitors, electrolyzers, fuel cells, capacitive
deionization cells, gas diffusion electrodes for electroswing
adsorption (1.e. separations/carbon capture), and other metal
(-1on) battery systems, among other applications.

Examples

[0068] Materials. All chemicals were used without further
purification or treatment, unless stated otherwise. Lithium
hexafluorophosphate (LiPF., 99.99%), diethyl carbonate
(DEC, 99%), camphene (95%, MQ 100), toluene (>99.8%),
and polystyrene-block-poly(ethylene-ran-butylene)-block-
polystyrene binder (SEBS, average M ~118,000, MQ 100,
[S:EB, 29:71 mol/mol]) were obtained from Sigma-Aldrich.
The SuperP conductive additive, polyvinylidene fluonide
binder (PVDEF, >99.5%), LTO (L1,11:0,,, >98%, D
0.2-10 um, D5, 0.9-1.8 um), LCO (L1CoO,, >98%, D, ..
0.3-30 um, D., 10-14 um), LFP (carbon coated LiFePQO,,
D, nge 1-15 um, Dsg 2.5-4.5 um), and NMC811 (LiNi, gCog
iMn, ,0,, 99%, D, ... 3-45 pm, Dy, 9-15 pm) were
acquired from MTI Corporation. N-methyl-2-pyrrolidone
(NMP, >99%) was obtained from Tokyo Chemical Industry
Co., Ltd. (TCI). 100 um thick L1 fo1l (99.9%), was purchased
from Alfa Aesar. Fluoroethylene Carbonate (FEC, +99%)
was obtammed from Solvay. Celgard 2400 microporous
monolayer membranes (polypropylene, 25 um) were gener-

ously provided by Celgard.

[0069] Freestanding Electrode Fabrication. FSE films
were manufactured through an altered slurry casting proto-
col. Camphene (M.P.=31.5° C.) was employed as the liquid
solvent system by maintaining temperatures of approxi-
mately 635° C. throughout processing. Slurry solutions
employed a 3:1 weight ratio of camphene:slurry solids
(active matenal, binder, and conductive additive). The solid
composition of the slurries consisted of an 85:10:5 weight
ratio of active material:SuperP:SEBS binder for all electrode
composites with the exception of the LTO electrodes, which
employed an 80:10:10 formulation. Upon the introduction of
solids 1to the liquid camphene, the solutions mixed for 1
hour 1n a 65° C. water bath.

[0070] Slurry solutions were cast utilizing a TMAX JK-
TMJ-200 heated film coater with a doctor blade set to a film
height of approximately 150 um. Films were hot-cast onto a
polytetrafluoroethylene (Tetlon™, 0.001" thick) substrate
and then immediately quenched by moving the sheet onto a
chulled stainless steel plate. Once the camphene solidified,
f1lms were dried under vacuum for 10 minutes. The resulting
films were manually delaminated from the PTFE substrates,
resulting in FSE films, and then dried under vacuum over-

range




US 2023/0268483 Al

night to assure the removal of residual camphene. Electrode
films were typically cast to an 18"x3" area.

[0071] Control Electrode Fabrication. Foil-cast control
clectrode films employed an analogous method to the com-
posite electrodes above. Toluene or NMP were employed as
casting solvents when using SEBS and PVDF binders,
respectively. The solid composition of the slurries consisted
of an 85:10:5 weight ratio of active maternal:Super P:poly-
mer binder for all electrodes with the exception of the LTO
clectrodes, which employed an 80:10:10 formulation. Slurry
solutions were then cast using a doctor blade set to a height
of 200 um onto 12 pm thick aluminum foil at room tem-
perature for cathodes and anode, respectively. Electrode
films were dried for two hours at 120° C. and ambient
pressure to evaporate the majority of the solvent and then
under vacuum to drive ofl remaining solvent overnight.

[0072] Material Characterization. X-ray diffraction pat-
terns were acquired through a Rigaku Miniflex 600 difirac-
tometer utilizing Cu Ko radiation (A=1.5418 A) from 5-80°
in a continuous scan mode (1° min~") with a step width of
20=0.02°. Scanning electron micrographs (SEM) were taken
using a Thermo Fisher Quanta 650 environmental scanning,
clectron microscope with an applied accelerating voltage of
30 kV. XPS spectra were recorded using a monochromated
120 W Al-Kal X-ray source (hv=1486.5 eV). Four-point
probe measurements were conducted with a manual four-
point resistivity probe (Lucas 5302; Lucas Laboratories).

[0073] FElectrode Preparation. Circular freestanding and
to1l-cast control electrodes were punched directly from the
clectrode films with a TMAX die electrode punch to a
diameter of 13 mm and 15 mm for anodes and cathodes,
respectively. Thicknesses of the resulting electrodes were
measured using an IP65 Digimatic micrometer.

[0074] FElectrochemical Analysis. Electrochemical proper-
ties of the FSE composites were analyzed in half-cell
configurations using 2032 coin-type cells versus lithium foil
(Alfa Aesar). Full-cell batteries utilizing a LFP cathode and
a LTO anode (N:Pratio=1.26:1) were also tested to elucidate
the practicality of the composite system. All cells were
assembled using a Celgard 2400 polymer membrane and an
clectrolyte composed of 1M lithium hexafluorophosphate
(L1PF) 1n fluoroethylene carbonate (FEC)/diethyl carbonate
(DEC) (1:1 by volume) solution. Excess electrolyte was
used (>3 drops) to flood the cell and provide suflicient
wetting. Cycling performance and cyclic voltammetry (CV)
tests were conducted using a multichannel battery test
system (BT 2043, Arbin). Electrochemical potential win-
dows were adjusted to the optimal range of each electrode
material employed. The electrochemical window for each
configuration demonstrated in this manuscript 1s as follows:

1) LFP vs Li/L17, 2.5 V-4.0 V; 2) LCO vs Li/L17, 3.0 V-4.2
V;3) NCMS8I11 vs Li/L1%, 2.7 V-4.3V; 4) LTO vs Li/L.i", 1.0
V-2.5V;and 5) LFP vs LTO, 0.9 V-2.6 V. The electrochemi-
cal data presented 1s an average of three identical cells to
assure reproducibility 1n the results.

[0075] Chemical Stability Testing. To probe the compat-
ibility of the camphene solvent system with these active
materials, X-ray diflraction (XRD) and X-ray photoelectron
spectroscopy (XPS) analyses were employed to analyze the
chemical status of the active materials before and after
camphene exposure. Results from XRD suggest that even
excessive soaking of the various active materials 1 hot
liquid camphene for 6 hours did not atfect the bulk chemical
composition of these active material constituents.
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[0076] For a finer analysis of chemical compatibility, XPS
was employed to determine 1 changes to the material
surfaces occurred due to camphene exposure by comparing,
pristine electrode materials to the FSE composites. Survey
scans ol the electrode materials and their respective com-
posites depicted the expected elemental compositions for
cach active material composition without noticeable con-
tamination. High-resolution region scans of the pristine
active materials and the as formed FSE composites indicated
no significant chemical change 1in the active materials. It
should be noted that the pristine NCM and L'TO matenals
contained a significant cobalt oxide and titanmium oxide,
respectively, contamination on the surface. These chemicals
are commonly used as precursors for NCM and L'TO mate-
rials, respectively, and were leftover as residuals from raw
material synthesis. Region scans of the FSE composites
denote a removal of these contaminants, suggesting that the
clectrode fabrication process simulated an additional wash-
ing step and removed some of the surface level precursor
contamination during the composite formation of NCM and
LTO. Overall, these results demonstrate that camphene did
not detrimentally react with or alter the chemical composi-
tion of the active materials 1n the final composite, confirming
the chemically agnostic nature of the fabrication technique.

[0077] Electrode Films. LIBs are utilized as energy stor-
age devices for a variety of different applications including
laptops, cellphones, power tools, and EVs; thus a variety of
different configurations and active materials are employed to
meet the unique demands of each application. Accordingly,
for demonstration of the applicability of this disclosed
clectrode manufacturing platform for LIBs, FSEs were fab-
ricated using multiple different active matenals, such as
LFP, LTO, LCO, and NCMS811. While demonstrating the
adaptability of this camphene-assisted fabrication process
for different active materials, the unique demands of each
active material also tested the FSE platform under a diverse
set of operating conditions. LFP cathodes are known for
their extensive cycle-life (>80% capacity retention (@ 1000
cycles) and therefore served as a prime candidate to test
long-term stability. The large lithiation potentials of
NCMR8I11 probe high voltage stability, and the reactive Ni
and Mn constituents elucidate chemical compatibility of
camphene with oxidizing materials. LTO tests both the
compatibility of the camphene-assisted fabrication route
with nanoparticulate materials and the anodic capability of
the resulting composites. Additionally, due to the well-
studied and stable nature of these materials, analysis of the
ellects of the FSE architecture could be decoupled from
active material degradation during battery cycling.

[0078] The chemically agnostic nature of the camphene
solvent system allows for FSE films to be synthesized for all
of the aforementioned active materials. The mechanical
stability of the FSE films 1s important for their implemen-
tation 1n roll-to-roll processing, as the films will need to be
able to tlex and bend without fracturing. FIG. 1 depicts the
flexibility and mechanical stability of the FSE films upon
bending and folding. Traditional foil-cast electrode films
using a PVDF binder have limited flexibility as substantial
flexing can cause film cracking and delamination, resulting
in disconnection of the electroactive layer from the external
circuit. In contrast, these FSEs do not demonstrate any
fracturing or material loss upon flexing. The FSE films can
withstand normal electrode processing and were punched
directly from the film using a standard 13 or 15 mm diameter




US 2023/0268483 Al

clectrode punch. Compatibility with standard processing
methods makes this synthesis platform attractive from a
manufacturing perspective, as no major changes to the
current industrial infrastructure are required for implemen-
tation.

[0079] Adter fabrication of FSEs comprised of NCM, LFP,
LCO, and LTO, scanning electron microscopy was
employed for closer mspection of film homogeneity, mate-
rial distribution, and camphene-induced pore morphology.
Cross-sections of these uncompressed electrodes exhibited a
relatively flat and uniform structure. The active materials are
anchored in the conductive composite electrode architecture
by SEBS polymer coated with SuperP. The casting process
results 1n two different electrode faces, one which was 1n
contact with the Teflon substrate during casting (denoted as
the “substrate side”) and one which maintained exposure to
vacuum (denoted as “vacuum side”). With the exception of
nanoparticulate LTO, where settling eflects likely resulted in
a denser vacuum side and more porous substrate side, little
difference 1 morphology between the two electrode faces
was observed. Compared to traditional NMP foil-cast elec-
trode films, the FSEs demonstrate about a 20% 1increase 1n
porosity, which can decrease mass transport limitations via
enhanced electrolyte penetration.

[0080] Flectrochemical Activity. Electrochemical activity
and performance of the FSE composites were analyzed
comparatively using foil-cast electrodes as controls. Two
types of controls were utilized for this analysis: foil cast
clectrodes with lower active mass loading (to verity achiev-
able capacity of active materials) and those with comparable
active mass loading (to probe a 1:1 comparison on the
clectrode level). The morphology and structure of typical
fo1l-cast electrodes are dependent on the settling nature of
particles after casting. Due to the intrinsic nature of this
morphology, LIB electrodes are often limited to approxi-
mately 100-150 um of electroactive height 1n order to obtain
suilicient lithtum storage kinetics and mechanical stability.
Therefore, thinly cast electrodes with lower active mass
loadings were fabricated to establish a baseline for ideal
clectrochemical kinetics and performance. On the other
hand, for electrode-level analyses the electroactive layer
thickness 1s crucial i drawing fair comparisons; these
control electrodes with lower electrochemical active mass
loading will inherently demonstrate a larger fraction of
inactive electrode mass from the metallic current collector,
and electrodes with similar volumetric active material load-
ing (mg/cm’) that have different thicknesses will display
different areal capacities. As such, controls were also fab-
ricated with comparable electroactive mass loadings on foil
to enable valid quantification of the benefits of the FSE
system to enhance the electrode-level performance of LIBs.

[0081] As previously mentioned, battery performance
without an external CC 1s contingent upon electrochemical
stability, conductivity, and active material accessibility.
Before investigating the propensity for Li* storage in these
FSE composites, four-point probe analysis was conducted to
quantily the bulk conductivity of each respective FSE. The
sheet conductivity of all the FSEs were approximately 0.1
S/cm 1rrespective ol active material, which 1s above the
threshold required for high-rate, low overpotential electro-
chemical cycling. This similarity 1n conductivity suggested
that the electrical conductivity was primarily attributed to
the homogenous dispersion of the conductive Super P addi-
tive throughout the FSEs. The slight variation 1n conductiv-
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ity between FSEs comprised of different active materials
points toward the versatility of this camphene-assisted FSE
tabrication process for use with diverse materials.

[0082] The electrochemical activity of the FSE compos-
ites was investigated via cyclic voltammetry in half-cells
with a scan rate of 0.1 mV/s m 1M LiPF, FEC:DEC
clectrolyte solution. Upon cycling, the NCM622 FSE dis-
played peaks between 3.6 and 4.0V, indicative of the
expected Ni**/Ni>* and Ni’*/Ni** redox reactions. The
LFP-, LCO-, and LTO-based composites showed reversible
(de)lithiation peaks centered at 3.4, 3.9, and 1.5V, respec-
tively. The slight activation process observed for these
materials, where 1nitial cycles required slightly increased
overpotential for L1 removal/insertion, was likely related to
stabilization of interfaces and/or structural reorganization
within these early cycles. Overall, these cyclic voltammetry
experiments revealed that the FSE composites displayed
very comparable electrochemical behavior to their foil-cast
counterparts, demonstrating electrochemical accessibility

for L1 storage of the active materials within these composite
matrices.

[0083] After investigating the potential-dependence of the
[.1* 1nsertion processes for the various active material com-
posites, variable (dis)charging current densities were applied
in half-cells to quantity the rate performance of the FSE
clectrodes 1n comparison to conventional foil-cast counter-
parts. Low-rate (C/20) electrochemical cycling revealed
near 1dentical specific capacities between the composite and
control electrodes on an active material basis. With the
exception of LFP, the FSEs exhibited a slight increase 1n
specific capacity for all of the electrode materials, confirm-
ing that the camphene-assisted FSE configuration provides
tull accessibility of active materials throughout the compos-
ite 1n the absence of 10nic transport limitations. In contrast,
intentionally mtroducing transport-induced limitations to the
cells via higher-rate cycling (1C) demonstrated the benefits
of the conductive and porous FSE architecture, as an
improvement in specific capacity was observed for all
clectrode matenals compared to conventional foil-cast coun-
terparts with similar electroactive thicknesses (3 mAh/g for
LFP, 4 mAh/g for NCM, 38 mAh/g for LTO, and 25 mAh/g
for LCO). As a result, the FSEs demonstrated overall larger
rate retention (1.e., percent capacity achueved at 1C com-
pared to the nominal C/20 capacity) of 70.8% vs. 70.3% for
NCM, 79.8% vs. 65.3% for LCO, 62.3% vs. 26.6% for LTO,
and 74.8% vs. 68.4% for LFP for FSEs vs. foil-cast coun-
terparts, respectively. While the composite architecture
clearly does not fully eliminate transport limitations, these
current collector-free FSEs exhibited a significant improve-
ment 1n rate capability as compared to conventional foil-cast
cells. Further results of this variable rate testing emphasized
the robust nature of the FSEs, which showed exceptional
capacity recovery at C/5 for all materials (299.0% compared

to =99.0% for foil-cast controls) after high-rate (de)lithia-
tion.

[0084] Battery clectrode performance can be limited to
factors wrrespective of the intrinsic properties of individual
active materials, which create parasitic overpotentials
related to insuflicient electronic conductivity and/or mass
transport limitations. Accordingly, charge-discharge curves
helped to draw further insight into the rate performance
enhancement of the FSEs compared to foil-cast electrodes.
In half-cells of these active materials that have well-defined,
energetically similar lithuation sites, ohmic overpotentials
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from 10nic or electronic resistivity manifest as the diflerence
in plateau voltage on the charge and discharge branches of
the cycle, while concentration overpotentials result 1n the
sloping region at larger specific capacities as the 1™ con-
centration profile becomes the rate-limiting factor for the
(de)lithiation process. In a set voltage window, variation 1n
either of these factors will affect the practically achievable
L1* storage capacity.

[0085] Comparing the voltage gaps between the charge
and discharge profiles from cycling at rates of C/10 to 1C
demonstrated that the FSEs exhibited lower ochmic overpo-
tentials than their foil-cast counterparts (change in plateau
voltage o1 30 vs. 60 mV, 80 vs. 170 mV, 100 vs. 150 mV, and
220 vs. 230 mV for FSEs vs. foil-cast controls comprised of
LFP, LTO, LCO, and NCM, respectively). As the FSE and
the foil-cast cells were fabricated with 1dentical electrolyte
formulations (1.e., with identical iomic conductivity), the
smaller ohmic overpotentials observed for the FSEs was
likely 1nstead related to an enhanced electronic conductivity
in the FSEs, despite their larger porosity, compared to their
to1l-cast counterparts. Coupled with the fact that each set of
clectrodes was comprised of similar electroactive thick-
nesses and 1dentical ratios of solid components, these lower
observed ohmic overpotentials 1n the FSEs suggested that
the unique camphene-templating process led to the forma-
tion of a better-connected conductive, percolating frame-
work of SuperP in contrast to the conventional foil-cast
technique, where the resulting morphology relied 1nstead on
random particle mixing and settling. Additionally, compared
to the discharge curves of foil-cast controls, discharge
curves of the FSEs demonstrated larger slopes near full
depth of discharge. These increased slopes were indicative
of smaller concentration overpotentials and suggest a reduc-
tion of mass transport limitations throughout the porous FSE
structure compared to the foil-cast control. Overall, these
variable rate-cycling results suggested that the FSEs exhib-
ited improved (de)lithiation kinetics due to more etlicient
transport of both electrons and 1ons in these porous 3D
architectures compared to conventional electrodes, even 1n
the absence of an external current collector and when
utilizing thicker electrodes containing higher active mass
loadings.

[0086] Long-Term Cycling. Constant current C/2 perfor-
mance testing was employed to mvestigate long-term sta-
bility of the FSEs 1n lithium-1on half-cells and compare their
clectrochemical properties to conventional foil-cast systems.
Additional testing of foil-cast controls using a traditional
NMP solvent and PVDF binder was conducted to mimic
commercial electrodes. For further details on control elec-
trode fabrication and composition, please refer to the mate-
rials section. Values were calculated for the specific capacity
relating to the total amount of active material 1n the FSE, the
gravimetric capacity concerming the entire electrode mass
including binder, conductive additive, and CCs, and the
areal capacity (capacity provided per unit area cm™).

[0087] As the rate-capability of FSEs showed promising
results compared to controls, long-term C/2 cycling further
demonstrated the potential for the camphene-template sys-
tem to fabricate stable, high-energy density FSEs with
comparable or superior Li* storage ability compared to
metal-fo1l counterparts. All FSEs successtully demonstrated
stable galvanostatic lithiation/delithiation for 200 cycles
with capacity retention greater than 80%, veritying that the
metal foi1l current collector was not necessary to maintain
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long-term mechanical stability, as the FSE matenals dem-
onstrated long-term capacity retentions that were greater
than or equal to the control samples. Specifically, the NCM,
LCO, LFP, and LTO FSEs delivered an nitial specific
capacity of 150 mAh/g, 124 mAh/g, 133 mAh/g, and 121
mAh/g, with a capacity retention of 86.9%, 92.7%, 86.5%,
and 99.9% capacity retention at 200 cycles, respectively. On
the other hand, the NCM, LCO, LFP, and LTO foil-cast

controls provided an 1nitial specific capacity of 148 mAh/g,
128 mAh/g, 129 mAh/g, and 111.6 mAh/g, with a capacity

retention of 86.9%, 87.6%, 81.3%, and 82.5%, respectively.

[0088] In industrial LIBs, the copper foil and aluminum
fo1l CCs make up approximately 40% and 15% of the
clectrode mass of the anode and cathode, respectively.
Improvement in the achievable specific capacity on an active
material basis alongside enhanced long-term stability shows
promise for the FSEs to bring about considerable improve-
ments to LIBs on the electrode level due to the concurrent
climination of the dead weight and volume of the metallic
current collector. When comparing with metal foil control
films of similar areal loading of active material, the overall
clectrode gravimetric capacity was significantly improved
for all active materials investigated here. The NCM, LCO,
LFP, and L'TO FSEs demonstrated an improvement of 94%,
62%, 98%, and 125% increase 1n eflective capacity, respec-
tively, compared to their foil-cast counterparts due 1n large
part to the elimination of the dense metal fo1l CCs enabled
by the camphene-assisted fabrication procedure. Similar
improvements were denoted 1n the areal capacities of the
FSE composites. The NCM, LCO, LFP, and LTO compos-
ites provided an areal capacity of 1.27 mAh/cm”, 1.22
mA/cm?, 1.47 mAh/cm?, and 0.84 mAh/cm?®, providing an
improvement of 83%, 88%, 110%, and 39%, respectively,
compared to similar-thickness electrodes cast on foil. Elec-
trochemical assessment of the FSE composites confirmed
that superior electrochemical kinetics and long-term stabil-
ity can be achieved from films without metal foil support and
higher arecal mass loadings using this camphene-assisted
fabrication process.

[0089] Long-term cycling (1000 cycles) was performed
for this FSE to further elucidate any effects the FSE system
may have on electrode stability. The LFP FSE’s maintain
average Coulombic efliciencies of 99.99% respectively over
the 1000 cycles. Moreover, the LFP FSE capacity retention
was 86.8%. These systems have excellent long-term stability
and dramatic increases in the overall gravimetric electrode
capacity, suitable for scalable fabrication of higher energy
density batteries.

[0090] Overall, the hali-cell electrochemical performance
of the composites demonstrated the material-agnostic capa-
bility of the camphene-assisted route to create high energy
density FSEs. Variable rate cycling and extensive long-term
performance testing of these electrodes suggested that the
3-dimensional, porous structure of the electrodes permaitted
better rate capability for lithiation and a stable host for
long-term cycling.

[0091] Full-cell Compatibility Testing. While half-cell
performance testing displays exceptional electrochemical
activity, lithium-half cells provide the composites with a
near-infinite source of lithum during cycling. In contrast,
for a real world LIB, depletion of lithium inventory in the
cell 1s one of the most common causes of battery failure and
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performance degradation over time. Therefore, full-cell con-
figurations were fabricated to elucidate performance metrics

of FSEs 1n a practical LIB.

[0092] Due to their long-term stability and single feature
voltage profiles, LTO and LFP were chosen as a respective
cathode and anode pair. Full cells utilized a N:P ratio of
1.26:1 and underwent constant current-constant voltage
(CCCV) formation cycles at C/20 belfore long-term testing
was conducted. Cyclic voltammograms of the LTO/LFP cell
suggested that a 0.9-2.6V voltage window was suflicient to
achieve 100% depth of (dis)charge upon cycling. Subse-
quent voltammograms depicted similar performance to the
half-cell configurations, where after an initial activation
during the 1°° cycle, reversible lithiation processes occur.

[0093] Overall, the full-cell configuration of these FSEs
provided an electrochemical performance that mirrored the
individual half-cell counterparts. Even without traditional
metal foil current collectors, these systems achieved an
initial charge capacity of 120 mAh/g on an active material
basis, with a capacity retention of 80.9% and an average
Coulombic efliciency of 99.95% after 250 cycles. Further-
more, a quantitative assessment of the system denotes an
areal capacity of 0.73 mAh/cm”. These results suggest that
the camphene-assisted FSEs act as stable hosts for lithium-
storage materials even after extensive lithiation/delithiation.

[0094] The capacity retention of the FSE full-cells sug-
gested that the electrodes maintained their mechanical integ-
rity even alter extensive cycling. For confirmation, cells
were disassembled and electrodes were retrieved for post-
mortem analysis. These electrodes displayed very little
mechanical adherence to the polymer separator, and after
simple electrode recovery with forceps, macroscopic visual
inspection denoted little to no physical change after cycling.
The tlexibility of the electrodes, tested after a simple ethanol
wash and drying, was nearly identical to pre-cycled FSEs.
One of the major bottlenecks to the eflective recycling of
battery separators 1s that electrode materials are commonly
physically embedded into the separator after extensive
cycling. Therefore, these FSEs may provide a route towards
more easily recycled materials in LIB systems. Microscopic
ispection of the resulting electrodes depict a unique phe-
nomenon. While typical foil-cast electrodes demonstrate a
major reduction in distinguishable features post-mortem due
to particle pulverization and the formation of interface
layers, the FSEs retained a majority of their discernable
teatures. This 1s likely due to the porous nature of the
composites, providing void volume to compensate any volu-
metric changes induced from lithiation/delithiation. The
integrity of physical properties and structural composition
clucidates how the full cell composed of a pair of FSEs 1s
able to undergo stable (de)lithuation for more than 250
cycles.

[0095] Metal Foil Casting of Electrodes. Camphene-pro-
duced porous electrode films on metal foil substrates were
manufactured through a heated slurry casting protocol,
where camphene (M.P.=51.5° C.) was employed as the
liguud solvent system by maintaining temperatures of
approximately 65° C. throughout casting. Slurry solutions
for metal foil casting were comprised of the same compo-
sition as other techmques listed 1n the examples herein.
Upon the introduction of solids 1nto the liquid camphene, the
solutions were mixed for 1 hour i a 65° C. water bath.
Slurry solutions were cast with a heated doctor blade film
coater. Films were eflectively cast at heights ranging from
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0.05 mm to 2 mm. Films were hot-cast onto a battery-grade
aluminum (~12 um) or copper (~8 um) foil substrate, then
the film was immediately quenched by moving the film onto
a room temperature-steel plate. Once the camphene solidi-
fied, films were dried under vacuum for one hour to fully
sublime the camphene. The result was a porous electrode
supported on a metal fo1l substrate, with initial porosities 1n
the range from 40% to 75%. The dried film can be mechani-
cally compressed using calendaring to adjust both the final
height and porosity of the film to the desired result. Like the
work shown with the free-standing electrodes, camphene
provides a chemically agnostic platform for casting metal
fo1l lithtum-10on battery electrodes.

[0096] Flectrochemical testing of these films demonstrates
analogous to superior performance to traditional foil cast
films without the use of a NMP solvent. Full cell testing
(employing both a camphene derived foil cast anode and
cathode) showed good results, providing an initial capacity
of 122 mAh/g with a capacity retention of 84.2% over 200
cycles.

[0097] Particular embodiments of the subject matter have
been described. Other embodiments, alterations, and permu-
tations of the described embodiments are within the scope of
the following claims as will be apparent to those skilled 1n
the art. While operations are depicted in the drawings or
claims 1n a particular order, this should not be understood as
requiring that such operations be performed in the particular
order shown or 1 sequential order, or that all illustrated
operations be performed (some operations may be consid-
ered optional), to achieve desirable results.

[0098] Accordingly, the previously described example
embodiments do not define or constrain this disclosure.
Other changes, substitutions, and alterations are also pos-
sible without departing from the spirit and scope of this
disclosure.

What 1s claimed 1s:

1. A method of making a porous film, the method com-
prising:

disposing a slurry on a substrate, wherein the slurry

comprises an electrochemically active matenal, an
clectrically conductive material, and a binder dispersed
in an organic sublimable material, wherein the electro-
chemically active material and the electrically conduc-
tive material are diflerent;

solidifying the slurry to yield a film on the substrate; and

subliming the organic sublimable material to vyield the

porous film on the substrate.

2. The method of claim 1, further comprising reducing a
thickness of the porous film.

3. The method of claim 1, wherein, during disposing, a
temperature of the slurry exceeds a melting point of the
organic sublimable material.

4. The method of claim 1, wherein solidifying the slurry
comprises cooling the slurry to a temperature below a
melting point of the organic sublimable material.

5. The method of claim 1, further comprising separating
the porous film and the substrate.

6. The method of claim 1, wherein disposing comprises
slurry casting, mold casting, or additive manufacturing.

7. A slurry comprising:

a solid component comprising:

an electrochemically active matenial;
an electrically conductive matenal; and

a binder; and
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a liquid component comprising an organic sublimable

material,

wherein the electrochemically active maternial and the

clectrically conductive material are different, and the
solid component 1s dispersed in the liquid component.

8. The slurry of claim 7, wherein the electrochemically
active material comprises one or more of a lithhum 1ron
phosphate, a lithium titantum oxide, a nickel cobalt manga-
nese oxide, a lithtum cobalt oxide, and a sodium manganese
oxide.

9. The slurry of claim 7, wherein the electrochemically
active material comprises one or more of a metal alloy, a
metal oxide, a chalcogenide, silicon, tin, and an electron-
conducting carbon based material;

wherein the electron-conducting carbon based material

comprises one or more ol graphene, graphite, carbon
nanotubes, and porous carbons.

10. The slurry of claim 7, wherein the electrically con-
ductive maternial comprises one or more of carbon black,
carbon nanotubes, graphene oxide, graphene, reduced gra-
phene oxide, and metal nanostructures.

11. The slurry of claim 7, wherein the binder comprises a
thermoplastic polymer; wherein the thermoplastic polymer
comprises one or more of a styrene-ethylene-butylene-sty-
rene copolymer, a sodium carboxy methyl cellulose, a
styrene butyl rubber, a polyvinylidene fluoride, and a poly-
olefin.

12. The slurry of claim 7, wherein the organic sublimable
material comprises one or more of a terpene, naphthalene,
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anthracene, salicylic acid, benzophenone, pyrene, 1,6-di-
aminohexane, hexamethylenetetramine; adamantane, 2,4,6-
triamino-1,3,5-triazine, and phthalic anhydride.

13. The slurry of claim 12, wherein the terpene comprises
one or more of camphene, menthol, borneol, camphor, and
pinene.

14. The slurry of claim 7, wherein a weight ratio of the
liguid component to the solid component 1s 1n a range of
about 2:1 to about 4:1.

15. The slurry of claim 7, wherein the solid component
COmMprises:

about 70 wt % to about 90 wt % of the electrochemically

active material;

about 5 wt % to about 20 wt % of the electrically

conductive material; and

about 1 wt % to about 10 wt % of the binder.

16. The slurry of claim 7, wherein a temperature of the
slurry exceeds a melting point of the organic sublimable
material.

17. The slurry of claim 7, wherein the slurry i1s free of
N-methyl-2-pyrrolidone.

18. An electrode comprising the porous film of claim 1.

19. The electrode of claim 18, wherein:

the porous film 1s separated from the substrate; or

the electrode further comprises a metal current collector

in contact with a surface of the electrode.

20. A lithium-1on battery comprising the electrode of
claim 18.
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